Abstract-For wireless transmission, the assumption that the transmitter always receives the channel state information (CSI) perfectly is unreasonable because of feedback delays, estimation error and quantization error. When the transmitter can't receive the channel state information perfectly, the performance of the wireless systems will degrade. Some prescribed quality of service (QoS) requirements will not be satisfied. In order to avoid the system's degradation, a more concrete analysis of wireless transmission schedule under imperfect CSI is needed. Cognitive Radio (CR) is a promising technique for improving the spectrum efficiency in future wireless network. In this paper, the downlink transmission based on parital channel state information due to feedback delays in a multiuser Orthogonal Frequency Division Modulation (MU-OFDM) based CR system is investigated. We analyze the impact of partial channel state information on the wireless transmission. A new transmission schedule is derived based on obtained partial CSI. Simulation results show that the new transmission schedule satisfies the given QoS while achieving high data rate. The more the partial CSI is correlated to the real CSI, the higher data rate achieved.
I. INTRODUCTION
When analyzing the adaptive transmission in wireless systems, most authors assume that the channel state information (CSI) is obtained perfectly at the transmitter. The assumption is reasonable for wireline systems while impractical for wireless systems because of channel estimation errors and/or feedback delays. The system performance will degrade when only partial channel state information is obtained at the transmitter. In order to satisfy specific quality of service (Qos) requirements, analyzing the transmission based on partial CSI turns to be important [1] .
Cognitive radio (CR) is a novel concept for improving the overall utilization of spectrum bands by allowing unlicensed secondary users (also referred to as CR users or CRUs) to access those frequency bands which are not currently being used by licensed primary users (PUs). In order to avoid unacceptable levels of interference to PUs, CRUs have to sense the environment and rapidly adapt their transmission parameters [2] , [3] .
Orthogonal frequency division multiplexing (OFDM) is a good modulation candidate for a CR system due to its flexibility in allocating resources among CRUs. The problem of optimal allocation of subcarriers, bits and transmit powers among users in a multiuser (MU)-OFDM based system is a combinatorial optimization problem. It is a NP-hard problem as its complexity grows exponentially with respect to the size of the input. Therefore, it is computationally prohibitive [4] . In order to reduce its computational complexity, the problem is solved in two steps by many suboptimal algorithms [5] - [9] : (1) determine the allocation of subcarriers to users and (2) determine the allocation of bits and transmit powers to users. Other resource allocation algorithms for MU OFDM systems have been studied in [10] - [12] . On the other hand, most of these algorithms are designed for MU-OFDM systems in which there are no PUs. In a MU-OFDM based CR system, mutual interference between PUs and CRUs also need to be considered. The problem of optimal allocation of subcarriers, bits and transmit powers among users in a MU-OFDM based CR system is more complex. Few publications deal with this problem except [7] .
However, all these algorithms proposed for solving the problem assume that the transmitter has perfect CSI when allocating the resource among users. This assumption is reasonable for the case of wireline systems because where the channel remains invariant. But for the case of wireless systems, the channel keeps changing due to the wireless environment. Normally, CSI imperfection is caused by the estimation errors, feedback delays and quantization errors [13] . When the transmitter only has partial CSI, some prescribed QoS requirement such as bit error rate (BER) may not be satisfied. In this case, the performance of transmission may degrade. This motivates us to study the problem of optimal allocation of subcarriers, bits and transmit powers among users in a MU-OFDM based CR systems under partial CSI at the BS. The effect of partial CSI on wireless transmission has been studied by many authors. Adaptive modulation analysis in MIMO-OFDM systems based on partial CSI has been investigated in [14] - [16] . The fundamental limit on the throughput of OFDM systems based on imperfect channel state information was studied in [17] . So far, there is little published work on MU-OFDM resource allocation with partial CSI. An alternative strategy that achieving optimal resource allocation while guarantee the prescribed QoS is still under studied [18] .
In this paper, we investigate the resource allocation in MU-OFDM based CR systems based on partial channel state information. We assume the channel state information is acquired perfectly at the CRUs and is feedback to the BS with delay τ d seconds. The channel experiences frequency selective fading and Doppler shift. Relying on partial CSI, we maximize the total data rate while maintaining a prescribed (BER) for a fixed transmit power and mutual interference. We analyze the impact of partial CSI on the wireless transmission.
The rest of this paper is organized as follows: The system model is described in Section II. Based on the system model, the constrained multiuser resource allocation problem is derived in Section III. Proposed algorithms for the constrained multiuser resource allocation problem is discussed in Section IV. Simulation results are showed in Section V and Conclusions are derived in Section VI, respectively.
II. SYSTEM MODEL
We consider the downlink of a base station (BS) with N subcarriers and K CRUs and 1 PU. The PU and CRUs occupy neighboring frequency bands as shown in Fig. 1 . The PU band has a width of W p Hz and has N/2 subcarriers, each occupying a band of width W s Hz, on either side. The BS allocates subcarriers, subcarrier powers and bits to the CRUs dynamically. The channels from the BS to all users are modelled as slowly time-varying, i.e. they do not change appreciably between successive allocations.
The power spectral density (PSD) of the n th subcarrier signal is assumed to have the form [2] 
where P n denotes the subcarrier n transmit signal power and T s is the symbol duration. The resulting interference power spilling into the PU band is given by
where g n is the subcarrier n channel gain from the BS to the PU, d n is the spectral distance between subcarrier n and the center frequency of the PU band and IF n is the interference factor for subcarrier n.
The interference power introduced by the signal destined for the PU, hereafter referred to as the PU signal, into the band of subcarrier n at user k is
where h k [n] is the subcarrier n gain from the BS to user k and Φ RR (e jw ) is the PSD of the PU signal. Let P nk denote the transmit power allocated to subcarrier n of user k. As discussed in [12] , the maximum number of bits per symbol that can be transmitted on this subcarrier is
where ⌊.⌋ denotes the floor function, N 0 is the one-sided noise PSD and S nk is given by (3) . The term Γ = − ln(5BER[n])/1.5 indicates how close the system is operating to capacity. Obviously, the minimum transmit power requirement for transmit b nk bits for k th CRU on n th subcarrier can be expressed as
Based on equation (4), when n th subcarrier allocated to k th user, we get
Let a nk ∈ {0, 1} be a subcarrier allocation indicator function, i.e. a nk = 1 if and only if subcarrier n is allocated to user k. To avoid excessive interference among CRUs, it is assumed that each subcarrier can be used for transmission to at most CRU at any given time.
The imperfect channel state estimation process is modelled as follows. We assume that the CSI is obtained at the receiver perfectly. The channel gain of k th CRU in n th subcarrier [15] . For simplicity, we use h[n] to represent h k [n]. The BS receives the CSI after feedback delay τ d = dT s with Doppler frequency effect. We also assume that the feedback path do not introduce any errors. The transmitter models the channel as
whereh[n] is the conditional mean of h[n] given feedback information and ǫ is the associated error with mean equal to zero. Suppose h f [n] to be the feedback channel gain which corresponds to the true channel gain τ d seconds earlier, i.e., 
III. THE CONSTRAINED MULTIUSER RESOURCE ALLOCATION In this section, based on partial CSI available at the BS, our objective is to maximize the total transmission rate, while maintaining a target BER performance on each subcarrier. Let BER[n] denote the average BER perceived at the transmitter on the n th subcarrier, and BER 0 represent the prescribed target BER, that can be different from subcarrier. Therefore, we can formulate constrained optimization problem as follows:
subject to
a nk P nk ≤ P total , and P nk ≥ 0, ∀n
where P total is the total CRU power limit and I total is the maximum PU tolerable interference power. λ k represents the nominal bit rate weight (NBRW) for user k, and
denotes total bit rate of k th CRU. Inequalities (11) and (12) correspond to the power and interference constraints, respectively. Inequality (13) reflects the condition that any given subcarrier can be allocated to at most one user. (15) reflects the proportional fair among CRUs.
When ignoring inequality (10), it is easy to derive the relationship between transmit power and bits. However, we can't derive relevant relationship directly from inequality (10) . We solve the expectation of BER[n] first. Suppose the n th subcarrier to be allocated to k th CRU. Then from the discussion above, note that h[n] ∼ CN (0, δ 2 h ). According to [20] , for arbitrary vector α ∼ CN (µ, Σ), the following equation holds:
Applying equation (16) to (6), we obtain
where
Obviously, when ρ = 1, we get δ ǫ = 0 and equation (17) turns to be the form of equation (6) . Now we consider the case of |ρ| < 1 (i.e. δ ǫ = 0). From equation (17) , the minimum BER[n] depends on the transmit power P nk . There is a question: In order to maintain the target BER 0 [n], how to decide the transmit power P nk ? Clearly, BER 0 [n] is a monotonically decreasing function of P nk . So, we can obtain the desirableP nk by solving the equation BER[n] = BER 0 [n]. However, we can not obtain the solution easily via the equation (17) . In this case, we apply other techniques to approximate the desirable solution. Set
ǫ r, then the equation (17) has the form
with θ = π/2. The function I µ (γ, g, θ) is Rician distributed with Rician factor K µ [19] . Clearly, for a Rician distribution with K µ , we can approximate it by a Nakagami-m distribution
with θ = π/2, where
. Therefore, we can approximate the BER[n] in equation (17) by
Then from (20) , we obtain
where Υ = (2 b nk − 1)(N 0 W s + S nk )/1.5. Based on equation (21), we obtain
IV. PROPOSED ALGORITHMS FOR THE RESOURCE ALLOCATION PROBLEM WITH PARTIAL CSI

A. Subcarrier Allocation
Clearly, the objective function in equation (9) is an optimization problem with two levels, (i.e., determine the subcarrier allocation indicator a nk and transmit bits b nk ). Its algorithm complexity is exponential. In order to reduce the algorithm complexity, we propose a simple algorithm for subcarrier allocation, which is called SAMA [22] . The algorithm is showed in Fig. 2 . Its algorithm complexity is O(KN ). Firstly, we set a threshold to delete some worst subcarriers for all users. For the remnantN subcarriers, we assume that each user k experiences a channel factor of
on every channel, and equal transmit power on every channel for all users. The bits loaded on every channel can be expressed as
th CRU be allocated m k subcarriers. Then the objective is to find a set of m k subcarriers k = 1, 2, · · · , K which satisfy
where P is the total transmit power allocated to all subcarriers and I represents the total interference power to the PU. After subcarrier allocation, a bits allocation solution can be expressed as
B. Transmit Powers and Bits Allocation
After subcarriers are determined to CRUs, we just need to decide the transmit bits on each subcarrier. Letb n be the number of possible bits allocated to n th subcarrier, then the steps to find the optimal bits allocation is O( N n=1b n ). Sinceb n ≥ 2 for real systems, N n=1b n ≥ 2 N . Therefore, it is computational complex. In order to make the problem trackable, we need to find a simple while efficient algorithm to determine the bits allocation to CRUs. The bits allocation problem is a combinatorial optimization problem, different experiment results have shown that evolutionary based algorithms outperform other traditional algorithms in this problem. MAs are evolutionary algorithms which have been shown to be more efficient than standard GAs for many combinatorial optimization problems [23] - [25] . As a result, MAs are being widely studied. Here, we apply the memetic algorithm proposed in [22] for the bits allocation problem. which is a genetic algorithm (GA) combined with a local search method. The pseudo code listings of proposed memetic algorithm is showed in Fig. 3 In this section, simulation results for the MA algorithm described in Section IV are presented. Based on the discussion above, we propose a mutation based memetic algorithm for our problem. The parameters are set as: population size=40; generations=20; probability of crossover=0.05; probability of mutation=0.7.
The simulated system consists of one PU and K = 4 CRUs. The CRU band is 5 MHz wide and supports 16 subcarriers, each with a bandwidth, Ws, of 0.3125 MHz. The PU bandwidth is W p = W s and the OFDM symbol duration is T s = 4µs. Three cases of the bits rate requirements for users are considered, λ = 1 1 1 1 , 1 1 1 4 , 1 1 1 8 . In addition, three cases of ρ = 1, 0.9 and 0.7 are studied. It is assumed that the subcarrier gains h k [n] and g k , for n ∈ {1, 2, · · · , N }, k ∈ {1, 2, · · · , K} are outcomes of independent, identically distributed (i.i.d.) Rayleigh distributed random variables (rvs) with means equal to 1. The additive white Gaussian noise (AWGN) PSD, N 0 , is set to 10 −8 W/Hz. The PSD, Φ RR (e jw ), of the PU signal is assumed to be that of an elliptically filtered white noise process. The total CRU bit rate results are obtained by averaging over 1000 channel realizations. 1 1 1 1] . The average total bit rate, R s , versus the transmit power budget, P total , with I total = 0.02W and P m = 5W. As to be expected, λ shows that the bit rates R k , ∀k = 1, · · · , 4 obtained by CRUs should be equal and the bit rate R s increases with P total . Since ρ reflects the correlation between received h f [n] and real h[n]. The larger the ρ be, the higher R s obtained. When ρ = 1, it shows that
So the bit rate R s is always higher than the cases of ρ = 0.9 and 0.7. Fig. 5 shows the three cases of different ρ in the case of λ = [1 1 1 4] . The average total bit rate, R s , versus the transmit power budget, P total , with I total = 0.02W and P m = 5W. The bit rate R 4 obtained by 4 th CRU should be 4 times of R k , ∀k = 1, 2, 3. And the bit rate R k ∀k = 1, 2, 3 should be equal. Similar to Fig. 4 , the bit rate R s increases with P total . The bit rate R s is always higher than the cases of ρ = 0.9 and 0.7. 1 1 1 8] . The average total bit rate, R s , versus the transmit power budget, P total , with I total = 0.02W and P m = 5W. The bit rate R 4 obtained by 4 th CRU should be 8 times of R k , ∀k = 1, 2, 3. And the bit rate R k ∀k = 1, 2, 3 should be equal. Similar to Fig. 4 and 5, the bit rate R s increases with P total . The bit rate R s is always higher than the cases of ρ = 0.9 and 0.7. Fig. 7 shows the three cases of different λ in the case of ρ = 0.9. The average total bit rate, R s , versus the transmit power budget, P total , with I total = 0.02W and P m = 5W. As to be respected, the average bit rate R s should increase with P total . From the figure, the average bit rate R s obtained That is, when the bit rate requirements for CRUs become less uniform, R s decreases. It is due to the decrease of user diversity. Fig. 8 . Average total CRU bit rate, Rs, versus maximum transmit power budget, P total , with I total = 0.02W and Pm = 5W in the case of ρ = 0.7. Fig. 8 shows the three cases of different λ in the case of ρ = 0.7. The average total bit rate, R s , versus the transmit power budget, P total , with I total = 0.02W and P m = 5W. As to be respected, the average bit rate R s should increase with P total . Similar to In order to get more insight of the impact other constraints on the average total bit rate R s , we study the variety of R s under different maximum tolerable interference power, I total . Fig. 9 shows the three cases of different λ in the case of ρ = 1. The average total bit rate, R s , versus the tolerable interference Fig. 9 . Average total CRU bit rate, Rs, versus maximum interference power, I total , with P total = 25W and Pm = 5W in the case of ρ = 1.
power, I total , with P total = 25W and P m = 5W. As to be respected, the average bit rate R s should increase with I total . The Fig. 10 . Average total CRU bit rate, Rs, versus maximum interference power, I total , with P total = 25W and Pm = 5W in the case of ρ = 0.9. Fig. 10 shows that the three cases of different λ in the case of ρ = 0.9. The average total bit rate, R s , versus the tolerable interference power, I total , with P total = 25W and P m = 5W. As to be respected, the average bit rate R s should increase with I total . The Fig. 11 . Average total CRU bit rate, Rs, versus maximum interference power, I total , with P total = 25W and Pm = 5W in the case of ρ = 0.7.
interference power, I total , with P total = 25W and P m = 5W. As to be respected, the average bit rate R s should increase with I total . Similar to Fig. 9 From the simulation results, we note that correlation coefficient ρ has great impact on the total bit rate R s . When ρ decreases a little, R s decreases significantly. In addition, the data rate requirements also has effects on R s due to user diversity. When the data rate requirements approximate to uniform distribution, R s increases accordingly.
VI. CONCLUSION
For wireless transmission, the transmitter can't receive the channel state information perfectly before transmission. The system performance will degrade due to imperfect CSI. In order to maintain the system performance, an appropriate transmission schedule based on partial CSI is needed. However, the optimal resource allocation in MU-OFDM systems based on partial CSI is still an open issue. In this paper, we analyze the effects of partial channel state information on the resource allocation problem in MU-OFDM based cognitive radio systems. Based on obtained partial CSI at the transmitter, the average BER should satisfy the given BER target during transmission. As the function of average BER is too complex, we apply a Nakagami-m distribution to approximate the original function. A simple function, which is close to the original function, is derived. The resource allocation problem in MU-OFDM based cognitive radio systems is computational complex. In order make the problem trackable, we solve the problem into two steps. Firstly, we propose a simple SAMA algorithm for subcarrier allocation. Then we propose a simple while efficient Memetic algorithm to solve the bits allocation problem. Different cases of partial CSI and bit rate requirements are studied. Simulations show that partial CSI has great impact on the wireless transmission. In addition, due to user diversity, the total bit rate decreases when the data rate requirements become less uniform.
